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Abstract 
Chitinases Al and D were purified from the periplasmic proteins produced by Escherichia coli HBlOl harbouring recombinant plasmids carrying 
respectively the chiA and chiD genes of Bacillus circulans WL-12. HPLC analysis indicated that during the hydrolysis of chitotriose, both chitinases 
initially produce N-acetylglucosamine and only one anomer of chitobiose. ‘H NMR spectroscopy of the hydrolysis of chitotetraitol showed that this 
anomer corresponds to p-chitobiose, demonstrating that chitinases Al and D act by a molecular mechanism that retains the anomeric onfiguration. 
This mechanism is similar to that of lysozymes although both chitinases belong to a family of proteins sharing no demonstrable amino acid sequence 
similarity with lysozymes. 
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1. Introduction 
Chitinases (EC 3.2.1.14) are glycosyl hydrolases which 
catalyze the degradation of chitin, a fibrous, insoluble 
polysaccharide made of /% 1,4-N-acetylglucosamine r si- 
dues. Chitinolytic enzymes are found in a variety of or- 
ganisms, not only those where chitin is a major structural 
polysaccharide such as fungi [l] and insects [2], but also 
in bacteria and higher plants (for a review see [3]). Re- 
cently chitinases have received renewed attention since 
they play a role in plant defense against chitin-containing 
pathogens [4]. 
The catalytic domains of chitinases can be grouped in 
two families based on amino acid sequence similarities 
and the lack of similarity between the two families of 
proteins suggest hat they have different folds [5]. The 
two families of chitinases are called families 18 and 19 
in a general classification of glycosyl hydrolases [6,7]. 
Unlike lysozymes the mechanism of which has been ex- 
tensively characterized [8,9], the molecular mechanism 
that prevails in each of the two chitinase families is not 
known. Two mechanisms have been identified for other 
glycosyl hydrolases: one leading to retention and the 
other leading to inversion of the anomeric configuration 
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at the hydrolysis site [8]. Because the stereochemistry of 
the reaction product is firmly dictated by the active site 
structure [8], the mechanism should be conserved within 
a family, but not necessarily from one family to another 
[lo]. In this study we report the first determination of the 
stereochemistry of hydrolysis of two recombinant chiti- 
nases belonging to family 18 of glycosyl hydrolases, 
namely chitinases Al and D encoded respectively by the 
chiA and chiD genes of Bacillus circulans WL-12 
[11,12]. 
2. Materials and methods 
2.1. Purification of chitinase Al 
Escherichia coli HBlOl carrying recombinant plasmid pHTO12 [11] 
was grown in L-broth medium containing 100 pg.rnl-’ ampicillin for 
18 h at 30°C. Cells were collected and periplasmic proteins were ex- 
tracted by the cold osmotic shock procedure [13] using cold water 
containing 1 mM phenylmethylsulfonylfluoride. Ammonium sulfate 
was added to the extract to achieve 40% saturation. The precipitate 
formed was dissolved in a small volume of 20 mM sodium phosphate 
buffer (pH 6.0), dialyzed overnight against he same buffer and lyophil- 
ized. Chitinase Al was purified from the lyophilisate (crude chitinase 
Al) by chitin column chromatography based on the method of Cabib 
[14] modified as follows. Crude chitinase Al was dissolved in a small 
volume of 20 mM sodium phosphate buffer (pH 6.0) and applied on 
a chitin column (1.5 x 20 cm) previously equilibrated with the same 
buffer. After washing with 20 mM sodium phosphate buffer (pH 6.0) 
and 20 mM sodium acetate buffer @H 5.5), chitinase Al was eluted 
with 20 mM acetic acid. Elution was monitored by measuring absorb- 
ance at 280 nm and the fractions containing purified chitinase Al were 
collected. The pooled fraction was adjusted to pH 6.0 with 1 N sodium 
hydroxide, dialyzed against 5 mM sodium phosphate buffer (pH 6.0) 
and lyophilized. 
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2.2. Parl~~ation of chit&se D 
Production and preparation of crude chitinase D was carried out as 
for chitinase Al except hat E. coil HBlOl carrying plasmid pHTDRl5 
[12] was used for chitinase production and ammonium sulfateprecipita- 
tion was achieved at 60% saturation. Crude chitinase D was dissolved 
in a small volume of 1 mM sodium phosphate buffer (pH 6.01, and 
applied on a hydroxyapatite column (3.9 x 6 cm) equilibrated with the 
same buffer. Elution was done with the same buffer and the unadsorbed 
protein fractions containing purified chitinase D were collected and 
lyophilized. 
2.3. SIX-PAGE 
SDS-PAGE on 10% slabs was performed as described [IS) using the 
buffer system of Laemmli [16]. After completion of electrophoresis, 
renaturation of the enzymes and detection of the chitinase activity in 
the gel were carried out as previously reported 1171. 
2.4. Preparation of the chitooligosaccharides 
Chitooligosaccharides were obtained by acid hydrolysis of chitin 
from shrimp shells. After desalting by ultrafiltration of a DIAFLO 
YCO5 membr~e, the chitooligosa~ha~des were separated by chrom- 
atography on a Bio-Gel P4 column eluted with water. The purity of the 
oligomers (chitobiose, chitotriose, chitotetraose and chitopentaose) was 
verified by reversed-phase HPLC using a Cl8 Nucleosyl column (5 pm, 
Interchim) equipped with a refractometric detector and also eluted with 
water. Chitotetraose (4.6 mg in 2 ml water) was converted into chi- 
totetraitol by trea~ent with 0.5 mg sodium borohydride during 4 days. 
After neutralization to pH 6.0 with 50% acetic acid in water, conccntra- 
tion to dryness and 4 co-evaporations from methanol, chitotetraitol was 
purified by reversed-phase HPLC as above. 
2.5. NPLC analysis of the enzymatic hydrolysis products 
To determine the hydrolysis sites of chitinases Al and D, chitooligo- 
saccharides (DP 2-5) (200 pg) in 200 ,f.d water were incubated at 37°C 
with respectively IS@ chitinase solution (1 mg.ml-’ in 100 mM sodium 
acetate buffer, pH 5.0). After 30 mitt the reaction products were ana- 
lyzed by reversed-phase HPLC as above. Determination of the hydrol- 
ysis products of chitinase action on chitotetraitol was performed simi- 
larly except that incubation was carried out for only 5 min on 500 pug 
substrate with 5 ,ul chitinase solution. 
2.6. Proton NMR 
Lyophilized chitinase Al was dissolved in 350/d 99.8% DZO, lyophil- 
ized and finally resuspended in 99.95% D,O (final enzyme concentra- 
tion: 8 mg.ml-‘). Similarly, chitotetraitol(2.3 mg) was exchanged three 
times by lyophil~ation from 350 ~199.8% D,O, resuspended in 350 fll 
99.8% D20 and placed in a 5 mm NMR tube. Proton NMR was 
conducted at 25°C in a Bruker AC300 spectrometer equipped with a 
‘H/i3C 5 mm probe and operating at 300 MHZ. After recording a first 
spectrum of the substrate, 50,ul of chitinase solution were added to the 
tube which was i~~iately placed back in the spectrometer. The first 
spectrum was recorded 6 min after the addition of the enzyme. After, 
spectra were recorded every 5 min and a last spectrum was recorded 
1.5 h after the beginning of hydrolysis. 
3. Results and discussion 
3.1. Petrification of chiti~ases AI and D 
Chitinases Al and D were obtained from Adonis 
sulfate precipitation of the periplasmic proteins pro- 
duced by E cold HBlOl carrying recombinant plasmids 
containing respectively the chiA and chiD genes of Bacil- 
lus c~rc~~a~ WL-12. Removal of the small amount of 
contaminating E. coli periplasmic proteins and partially 
degraded recombinant chitinases was readily performed 
by chromatography on chitin for chitinase Al and on 
hydroxyapatite for chitinase D. SDS-PAGE of the re- 
sulting proteins, purified chitinases Al and D, showed 
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Fig. 1. HPLC analysis of chitooligosaccharides. Control: N-acetylglu- 
cosamine (A), chitobiose (B), chitotriose {C); the two anomers of each 
oligosaccharide are clearly separated (brackets labelled 1, 2 and 3 for 
A, B and C, respectively). Hydrolysis of chitotriose by chitinase Al (D) 
and D (E): one of the two anomers of chitobiose is pr~ominantiy 
produced. 
that they were homogenous both in protein and in chiti- 
nase activity (data not shown). 
3.2. Substrate specljkity of chitinases AI and D and 
HPLC results 
Previously, 4-methylum~lliferyl-~,~-diacetylchitobi- 
oside (4-MU-GlcNAc,) and 4-methyl~belliferyl- 
N,N,N’-triacetylchitotrioside (4-MU-GlcNAq) were 
used as substrates for chitinase Al ill,1 81. However, 
control experiments (not shown) have shown that the 
hydrolysis rate of 4-MU-GlcNAc, by both chitinases and 
the solubility of 4-MU-GlcNAc, were not adapted to the 
‘H NMR determination of the stereochemical course of 
the reaction. More reactive and more soluble substrates 
were thus searched for among chitooligosaccharides 
(chitobiose, chitotriose, chitotetraose and chitopentaose) 
produced by acid hydrolysis of chitin. HPLC analysis 
showed two peaks for each pure c~tooligos~haride, 
indicating (i) that the two anomeric forms were separated 
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Fig. 2. ‘H NMR spectra of chitotetraitol during the hydrolysis by 
chitinase Al in the region of the free hemiacetal H-l resonance. (A), 
Reference spectrum of chitotetraitol; (ED), same as (A) but 26,31 and 
91 min after the addition of chitinase Al. 
and (ii) that mutarotation is slow in this series of oligo- 
saccharides (Fig. 1). Chitotriose, chitotetraose and chi- 
topentaose were readily hydrolyzed by both chitinases. 
The elution profile of the hydrolysis products of chitotri- 
ose was particularly interesting since it showed that the 
two enzymes produce N-acetylglucosamine and only one 
anomer of chitobiose (Fig. 1). In the absence of stan- 
dards of a- and /I-chitobiose, we could not determine 
which peak corresponded to which anomer, but this ex- 
periment demonstrated that the two enzymes produced 
the same anomer. Only one of the two chitinases was 
thus used for the ‘H NMR experiment. 
3.3. NMR stereochemical analysis 
For the NMR experiment, chitotetraitol (derived from 
chitotetraose by borohydride reduction) was choosen be- 
cause it has the advantage of lacking a free reducing end 
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which could mask that produced by the enzymatic hy- 
drolysis. Fig. 2A shows the partial ‘H NMR spectrum 
of the starting chitotetraitol in the 4.1-5.2 ppm region. 
No resonance attributable to a free hernia&al H-l is 
observed, indicating that the substrate was free from 
contamination by unreacted chitotetraose. After 26 min 
of incubation of the substrate with chitinase Al, a dou- 
blet appeared at 4.57 ppm. This chemical shift corre- 
sponds to that of a free hemiacetal H-l and its coupling 
constant (JYZ- 10 Hz), indicative of an axial-axial relation- 
ship between H-l and H-2, allows the assignment of this 
signal to the p-anomer of chitobiose. At the same time 
no signal corresponding to H-l of ol-chitobiose could be 
detected (Fig. 2B). This demonstrates that the enzymatic 
reaction proceeds with retention of the anomeric config- 
uration. The same conclusion is valid for chitinase D 
since it was shown by HPLC to produce the same 
anomer as chitinase Al (Fig. 1). The spectrum recorded 
3 1 min after the addition of chitinase Al (Fig. 2C) shows 
that the signal &chitobiose H-l has grown whereas the 
signal of the other anomer is still not detectable, confirm- 
ing that mutarotation is slow under the experimental 
conditions used. Fig. 2D shows the NMR spectrum 1.5 
h after the addition of chitinase Al and where the reso- 
nance of a-chitobiose H-l at 5.1 ppm (JsZ - 3 Hz, corre- 
sponding to an axial-equatorial relationship between H- 
1 and H-2) is now present beside that of j&chitobiose. 
4. Conclusion 
Enzymatic hydrolysis of chitotetraitol by chitinases 
Al and D from Bacillus circulans produces only j%chito- 
biose and chitobiitol demonstrating that these enzymes 
proceed with overall retention of the anomeric configu- 
ration at the cleavage site. These results represent the 
first non-ambiguous determination of the stereochemis- 
try of hydrolysis of glycosidic bonds by chitinases be- 
longing to family 18 of glycosyl hydrolases. They suggest 
that enzymes from this family operate by a double dis- 
placement mechanism similar to that of lysozymes [8,9]. 
Such a mechanism usually involves two catalytic residues 
promoting (i) the protonation of the glycosidic oxygen 
and (ii) a nucleophilic assistance leading to a glycosyl- 
enzyme intermediate or to the stabilisation of the tran- 
sient oxocarbonium ion [8]. Glu and/or Asp residues are 
frequently found as the residues responsible for this type 
of catalysis. Only two such residues are invariant in this 
family of chitinases and correspond to Glu-204 and Asp- 
200 in chitinase Al. Site-directed mutagenesis at these 
residues has shown that they were directly involved in the 
catalytic mechanism [181. 
There are analogies between chitinases and cellulases: 
both act on fibrous, insoluble, p-1 ,Clinked polysaccha- 
rides. The stereochemistry of hydrolysis has been deter- 
mined for 10 out of the 11 identified cellulase families. 
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Five cellulase families hydrolyse the /?-glucosidic bond 
with overall retention of the anomeric configuration 
while the other mechanism prevails in the 5 other families 
[19] and references therein). So far, only the retaining 
mechanism has been found in the several families of 
glycosyl hydrolases (chitinases and lysozymes) that hy- 
drolyse N-acetyl$-glucosaminidic linkages and for 
which the mechanism is known. This might only be a 
coincidence, although the influence of the N-acetyl group 
neighbouring the anomeric carbon cannot be excluded. 
Determination of the stereochemical outcome of the 
hydrolysis reaction by chitinolytic enzymes from the 
other large family of chitinases (glycosyl hydrolase fam- 
ily 19) which contains only enzymes from plant origin is 
now necessary. Now that the two HPLC peaks corre- 
sponding to chitobiose have been unambiguously as- 
signed to the u- and /3-anomers, determination of the 
stereochemistry of hydrolysis chitooligosaccharides by 
any chitinase of any mechanism could be done using the 
HPLC approach described here. 
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